Abstract-Flexible cooking surfaces represent the most innovative and high-performance induction heating appliances nowadays. This paper presents a multiple-output resonant inverter for multicoil systems featuring high efficiency and flexible output power control for modern induction heating appliances. By adopting a matrix structure, the number of controlled devices can be significantly reduced while high control versatility is ensured. The proposed converter is first analyzed and, in order to prove the feasibility of the proposal, a multiple-output prototype is designed and implemented. The experimental results prove the correct converter operation and output power control with multiple induction heating loads, validating the proposed approach.
I. INTRODUCTION

I
NDUCTION heating (IH) has become the heating technology of choice in many industrial [1] , domestic [2] , and medical applications [3] due to its benefits in terms of efficiency cleanliness and performance, leading to a superior quality process [4] . Regardless the application, IH is based on applying an alternating magnetic field to an induction target to be heated. The design of the coil as well as the ac source, i.e., power converter, must be adapted to the characteristics of the desired process, including the target geometry and temperature distribution, among others.
Modern household appliances are intended to be highperformance products presenting a balanced set of features including mainly efficiency and user performance, among others. To achieve these aims, power electronics play a key role enabling the design of highly efficient and performance products. Among the wide set of home appliances, IH cookers [4] are a relevant example where power electronics play a key role to implement The authors are with the Department of Electronic Engineering and Communications, University of Zaragoza, Zaragoza 50009, Spain (e-mail:,hsarnago@ unizar.es; burdio@unizar.es; olucia@ieee.org).
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Digital Object Identifier 10.1109/TPEL.2018.2815902 such systems with relevant advantages in terms of efficiency, safety, cleanness, and fast heating. Modern design trends for IH appliances are advancing toward the design of multicoil systems (see Fig. 1 ) that provide superior features compared with conventional units [2] . These systems provide unprecedented flexibility since any number of pots can be used, with any shape and in any position of the cooking surface. This provides an improved user performance that brings IH to a leading position in the household technology portfolio.
These appliances present several key challenges including the design of small induction coils with high coupling, the power converter as well as the complex control of a high number of loads. In particular, these appliances require the design of power converters able to supply a high number of coils in an efficient, versatile, and cost-effective manner [5] , [6] and complying with electromagnetic compatibility standards [7] .
The aim of this paper is, therefore, to propose a multipleoutput zero current switching (ZCS) resonant inverter that following a matrix approach [8] enables a cost-effective implementation while ensuring accurate output power control and efficient operation in a wide set of operating conditions. This proposal fulfills both requisites for multicoil systems with superior performance and decreased power device count. The remainder of this paper is organized as follows. Section II reviews the power converter topologies proposed for flexible IH cooking surfaces. Section III presents the proposed multiple-output ZCS resonant inverter, focusing on the topology and its equivalent circuits, as well as the main modulation strategies. Section IV shows the main experimental results proving the feasibility of this proposal and Section V presents a comparative analysis of the proposed approach compared with state-of-the-art solutions. Finally, Section VI draws the main conclusions of this paper.
II. POWER CONVERTER TOPOLOGIES FOR FLEXIBLE COOKING SURFACES
Flexible cooking surfaces have been in the last years the most promising domestic IH system from scientific and industrial perspectives [2] . In recent years, several power converters have been proposed, all of them having in common an optimum balance between cost, performance, and control complexity. These converters can be classified according to the base topology from which they are derived, as it is shown in Fig. 2 .
First, single-switch class-e inverters [9] have been studied and proposed as a cost-effective implementation that only requires one power device per inductor [10] , [11] . However, when implementing multicoil systems, this approach suffers from severe control limitations due to intermodulation acoustic noise and restrictions in maximum power and soft-switching operation. Consequently, this approach is limited to low-power and low-inductor number implementations.
The second group is based on the series-resonant half-bridge inverter, which is often considered to have the best balance between cost and performance and, consequently, a sizeable number of converter topologies has been derived from this. In [12] , a half-bridge for high-power concentric-inductor domestic IH is proposed. Considering a higher number of coils [5] , [13] proposes a three-device half-bridge structure that achieves a significant cost reduction. Pham et al. [14] focus on multiload control, using an intermediate dc-dc converter to provide higher versatility. A different approach is proposed in [6] , where different resonant frequencies are set at each coil to perform frequency selection. Finally, in [15] - [17] , the series resonant multi-inverter is proposed as a topology with reduced number of switching devices and versatile control, which is extended to ac-ac operation in [18] .
When higher output power is required, the third family of topologies derived from the full-bridge converter is preferred. In [19] - [22] , the association of multiple full-bridge topologies is proposed to implement a multi-inductor structure, with special considerations to the electromagnetic coupling. These topologies provide higher output power at the cost of a higher device number. In order to provide a cost-effective implementation, in [23] the use of a multiple-output full-bridge topology with a shared half-bridge leg is proposed. Finally, a multiple-output reconfigurable full bridge is detailed in [5] providing improved versatility.
All the reviewed topologies are derived from classical singleoutput topologies and have inherent limitations when used as multiple-output converters. This paper proposes a new power converter topology following a matrix structure that allows further optimizing the required number of power devices while providing an accurate and straight-forward control strategy.
III. PROPOSED ZCS MATRIX CONVERTER
A. Converter Topology
The proposed multiple-output ZCS resonant inverter is shown in Fig. 3 . It is based on a ZCS resonant half-bridge inverter [24] following a matrix approach that enables a significant device reduction while allowing proper output power control. Each load (n, m) is supplied by an upper-side transistor S H ,n and lowerside transistor S L,m . The upper-side transistors are connected to the dc-link voltage, whereas the lower side ones are ground connected. Besides, two additional diodes per load block the voltage during the off times and enable independent output power control. By providing the proper activation sequence, it is possible to control the output power in each coil ensuring soft-switching ZCS conditions in the entire output power range and during the full mains cycle. Since the proposed modulation operates below the resonant frequency and no snubber capacitor is used, it is easier to ensure ZCS transitions regardless the output capacitance or operating conditions. This is a significant challenge compared with classical ZVS resonant converters. One of the main benefits of this topology is that in order to implement a N-load appliance, where N is an integer, it requires only an integer switch number N sw = 2N 1/2 plus an integer diode number N d = 2N , significantly lower than state-of-the-art implementations. This leads to a significant cost reduction due the lower number of switching devices and, consequently, printed circuit board (PCB) size, driving and snubber circuits, digital IOs, etc. Besides, since the proposed topology is fully implemented using fast semiconductors, it enables scanning the cooking area for new pots avoiding the need of an additional pot detection layer, which may significantly increase the cost and complexity of the system.
In order to activate a single IH load, it is required to activate the associate upper-side and lower-side transistor in a complementary manner. In Fig. 4 , the activation of the IH load (i, j) is shown. As it has been previously explained, its associate upperside transistor and the lower-side transistors, i.e., S H ,i and S L,j are triggered to activate this load, whereas other the remaining transistors, i.e., S H ,n and S L,m , for n ∈ {1..N, n = i}, m ∈ {1..M, m = j}, are deactivated. As a result of this, four different scenarios are obtained (see Fig. 5 ).
Case
.M, m = j}, IH loads connected to upper-side and lowerside transistors deactivated. In this case, the middle point of the resonant capacitors is set to half the dc-link voltage, v c = V b / 2 and no current is flowing through these loads, yielding to a zero output power delivered in these loads.
.M, m = j}, IH loads whose upper-side transistor is periodically activated but its lower-side transistor is permanently deactivated. Since a unidirectional path is established, the middle point of the resonant capacitors is charged to the dc-link voltage, v c = V b , and no current is flowing to the IH load during steady-state condition, leading to a zero output power in these loads.
IH loads whose lower-side transistor are periodically activated, whereas its upper-side transistor are permanently deactivated. Since a unidirectional path is established, the middle point of the resonant capacitors is ground-connected, v c = 0, and no mean current is flowing to the IH load, leading also to a zero output power in these loads.
Case D [see Fig. 5 (d)]: IH(n, m), n = i, m = j, IH loads whose upper-side and lower-side transistor are periodically activated in a complementary manner. In this case, the IH load is energized, being the output power defined by the applied voltage and the IH load impedance, as it will be explained in next subsection.
B. Converter Analysis
The converter analysis is performed for the previously detailed scenario Case D and the main operating waveforms are described in Fig. 6 .
During the first state, State I, the upper-side transistor S H ,i is activated and, therefore, the dc-link voltage is applied to the resonant tank. A resonant current i o starts flowing through the series combination of the upper-side transistor and diode, whereas the resonant capacitor voltage v c charged. This state ends when the resonant current reach the zero level. At this point the series diode blocks the negative current and this path is disconnected. The length of this state is defined by the natural angular frequency associate to the resonant tank, ω n , being this state duration t I = π/ω n .
During the second state, State II, the resonant tank remains deactivated, blocked by the upper-side series diode. The circuit remains in this state until the lower-side transistor is activated. This state duration is defined by the switching frequency, f sw , and the natural angular frequency, yielding
During State III, the lower-side transistor is activated, connecting the resonant tank to GND. As a result, the energy stored in the resonant capacitor creates a resonant current flowing through the lower-side series diode and transistor. Again, when the load tries to reach zero, the resonant tank is opencircuited, resulting the duration of this state is the same as State I, t III = t I = π/ω n , defined by the resonant tank.
Finally, State IV is defined by the blank-time where the resonant tank is open circuited by the lower-side transistor. This state ends when the upper-side transistor is activated. The duration of this state is the same as for the State II, t IV = t II = 1/ (2f sw ) − π/ω n , if a square wave modulation is considered.
At this point, it is important to note that both during turnon, i.e., beginning of states I and III, and turn-off, i.e., end of states I and III, zero current switching transition is achieving regardless the operating point. This operation enables the converter to operate in a wide range of switching frequencies with high efficiency, and without typical constraints in inductive loads regarding snubber capacitors charge.
In order to properly design the converter components and control strategy, it is important to know the coil current, i.e., output current, and the voltage in the resonant capacitor. Considering the series resonant tank, defined by the IH load equivalent parameters, i.e., a series resistance, R eq , and a series inductance, L eq , the output current for each load can be defined as
where ξ is defined as ξ = R eq /2L eq , and the angular resonant and natural frequencies are ω o = 1/ L eq C r , ω n = ω 2 o − ξ 2 , respectively. The voltage in the resonant capacitor is relevant to select the power device ratings. By applying boundary conditions, the resonant capacitor peak to peak voltage is
where the quality factor for each load is defined as Q = ω o L eq /R eq . For the proposed topology, the peak voltage in each transistor can be calculated as the peak voltage in resonant capacitor voltage (see Fig. 6 ) as followŝ
Whereas the diodes only block the same voltageV ce minus V b . Finally, the output power for each load can be calculated as a function of the resonant frequency [24] as follows:
From this equation, it is clear that the output power can be easily controlled in each load by linearly modifying the switching frequency. This provide an effective method to control the output power.
It is important to note that in order to select the device ratings that each device in a row or column, SL and SH, respectively, must drive all IH loads in that row/column. Consequently, the current ratings of these devices must be adapted according to the number of loads. However, the voltage ratings are the same regardless the number of loads. Moreover, since the diodes are individually connected to each load, the ratings depend only on the desired maximum power per coil.
C. Modulation Strategies
The input power conversion diagram used in the proposed IH appliance is shown in Fig. 7 . The appliance is supplied from the mains voltage, typically 120/230 V rms, and, afterward, a fullbridge diode rectifier is used to obtain a high-ripple dc bus. It is important to note that a low value dc-link capacitor is used to ensure a power factor close to one without the need of an additional power factor corrector (PFC) converter. Consequently, a costeffective implementation is obtained and the high-ripple dc bus can be approximated by v b = |v ac |. It is important to note that as a consequence of the amplitude modulation present in the dc bus, all the modulation strategy will be generally synchronized with the mains zero crossing, i.e., each mains half-period.
Two main modulation strategies can be applied to control the output power to each load. First, square wave modulation can be applied to control the output power delivered during each mains half-period, i.e., p (n , m ),k , as a function of the switching frequency applied to the resonant tank, i.e., f sw ,k . Second, when multiple IH loads are activated simultaneously and higher flexibility is required, pulse density modulation (PDM) [25] , [26] can be applied, which consists of periodically activating the required coils to achieve the desired mean power P(n,m). When using PDM, during each mains half-period k, the variable N act(n,m ),k = {0, 1}, defines the activation or deactivation of the (n, m) IH load, whereas the period of the PDM pattern measured in mains half-cycles is N per,(n, m ) . Therefore, the mean output power delivered to a generic IH load results Note that during each activation time, i.e., mains half-cycle, different switching frequencies, and, consequently, output power p (n,m ),k can be applied, leading to an excellent output power control flexibility.
It is important to note that the PDM scheme must be designed to comply with the maximum allowed harmonic and flicker emissions [25] and avoid noticeable power pulsations in the cooking process. Moreover, if it is not properly designed, acoustic noise may also appear due to Lorentz forces. However, the proposed topology enables to optimize PDM to arrange pulses to minimize pulsed power and, unlike conventional appliances with great diameter coils, minimize the power pulsed at each small coil.
The proposed topology control strategy must combine square wave modulation and PDM modulation to achieve the desired output power. The output power delivered at each coil is measured and, usually, the same modulation is applied to all coils supplying the same pot, unless there is a significant difference between them. If there is a single pot, only square wave modulation is applied starting at minimum frequency, e.g., 20 kHz, and it is increased until the target output power is achieved for the most restrictive inductor. It is important to note that this is the most common operation scenario. If there are several pots, all the active coils begin also with square wave modulation at minimum frequency, and it is increased until they reach sequentially their target output power. Once each pot reaches its target output power, PDM is applied to maintain the desired output power regardless of the frequency imposed by the remaining loads.
IV. EXPERIMENTAL RESULTS
In order to prove the feasibility of this proposal, an experimental prototype has been designed and implemented with 500-W output power per coil. The coils are designed to have 8-cm di- ameter, leading to inductance values in the range of 150 μH and resistance close to 18 Ω. Besides, the resonant capacitor for each load has been selected to be 22 nF to obtain operating frequencies above the audible range. In order to block the resonant capacitor voltage for any possible condition and enable versatile testing, a 1.6-kV insulated-gate bipolar transistors (IGBTs) have been selected as main transistor, whereas a 1.5-kV ULTRA-FAST diodes have been used in series with the IH loads. Fig. 9 shows a render of the experimental prototype PCB.
When dealing with multicoil IH systems [14] , [27] , [28] , it is important to take into account coupling between inductors. In the proposed architecture, the electromagnetic system is designed to minimize coupling [29] by using discrete flux concentrators (see Fig. 10 ). Moreover, heat-diffusing bottom usually placed in most pots, as well as the proposed modulation strategies, minimizes any influence on the delivered output power.
The main waveforms for maximum and reduced output power, proving the proper converter operation are shown in Fig. 11 . As it can be seen, the output power can be linearly controlled with the switching frequency. The peak voltage is related to the IH load quality factor, yielding up to 600-V peak voltage in the power devices for a 230-V rms, 50 Hz mains power supply. Moreover, it is important to note that this topology enables real-time pot detection by scanning periodically the complete surface in search of impedance within the IH load range. 12 shows the main converter waveforms including the control signals and current through the coils for a 4-IH load configuration operating with PDM modulation. In this figure and zoomed detail, the correct converter operation can be seen as well as the versatility of PDM control.
Finally, Fig. 13 shows different PDM activation patterns featuring different number of active cycles as well as different power distribution among the IH loads. These experimental results prove the proper converter operation of the proposed matrix ZCS converter and its control strategy for multiload 
V. DISCUSSION
Flexible cooking surfaces are the future of domestic IH. Nowadays, two main approaches are followed: the use of multiple inverter-coil pairs and the use of a one or several high-power inverters (Implementation I) and electromechanical relays to select the desired coils to be activated (Implementation II). The former solution usually achieves higher performance at a higher cost, whereas the latter reduces the number of power devices reducing its performance. The power converter proposed in this paper, however, achieves an excellent balance between performance and cost, tangible by analyzing several key elements (see Table I ): component count, output power control, IH load detection, and efficiency. Implementation I, following the classical inverter-coil approach, requires clearly the highest device count, leading to a costly implementation. Moreover, the semiconductor usage ratio of this approach is very low, resulting in a poor utilization of the available devices, and due to switching frequencies restriction due to acoustic noise, having a higher number of inverters do not imply higher control versatility. For these reasons, this approach is usually not feasible when N is high, typical of flexible cooking surfaces. Implementation II decreases significantly the number of required devices, being typically determined by the number of k-independent inverters available, i.e., independent IH loads. However, this approach requires an electromechanical relay array with more than N devices that also add acoustic noise, complexity, and cost. It is important to note that Implementation II also requires an additional load detection layer and suffers from poor power control due to the limited inverter number and EM relays. The proposed approach, however, reduces the number of devices of Implementation I without degrading the performance as it occurs with Implementation II. Moreover, the proposed topology allows the use of several matrices and/or vectors to maximize the control possibilities.
Finally, efficiency has a direct impact in the energy consumption and environmental impact, as well as the thermal performance of the devices. Implementation I achieves the same high efficiency of the classical half-bridge series resonant implementation, whereas Implementation II suffers from control issues that leads to operation far from the resonant point and complex snubber network design that undermines the final efficiency. The proposed implementation has an additional series diode in the current path. However, the operation with very low-switching frequency and the use of PDM can compensate the additional losses. Consequently, the proposed ZCS matrix resonant inverter achieves a cost-effective execution with a well-balanced performance, providing an excellent implementation for flexible cooking surfaces.
VI. CONCLUSION
Flexible cooking surfaces are one of the most innovative appliances providing the user with superior performance and flexibility. However, significant challenges remain to design a power electronic converter to implement such system in an efficient and cost-effective way. To achieve this aim, in this paper a multipleoutput ZCS resonant inverter for multicoil IH systems has been proposed. The proposed converter enables high-performance operation, soft-switching, and accurate output power control regardless of the operating conditions. Moreover, the proposed topology follows a matrix-based architecture that significantly reduces the number of required switches for appliances with a high number of coils, leading to a cost-effective implementation. In order to prove the feasibility of this proposal, an experimental prototype has been designed and built, providing 500-W output power per load. The proper soft-switching operation and the proposed PDM control strategies have been tested, showing the expected performance and validating the benefits of this proposal. As a conclusion, the proposed multiple-output ZCS resonant inverter is proposed as a high-performance, versatile, and cost-effective approach to implement flexible cooking surfaces.
